Abstract-A novel approach to beam steering is presented using an array composed of elements each supporting a unique radiating mode. The one-dimensional (1-D) beam synthesis properties of the novel ideal multiple mode dipole array are quantified using Fourier synthesis and shown to have significant improvement in scan range compared to a conventional linear dipole reference array. A hybrid phased array composed of multiple mode subarrays is also proposed and shown to be an efficient tradeoff between performance improvement and design complexity. Reasonable agreement is obtained between the simulated and measured impedance and radiation pattern properties of a fourelement multiple mode array. Finally, a 16-element hybrid phased array composed of four four-element multiple mode subarrays is fabricated and measured. The array is shown to have a 3-dB scan range of ±68
E
LECTRONICALLY scanned antenna arrays are commonly used both in radar and communications applications for their ability to form arbitrary beam patterns in real time with superior speed compared to their mechanically gimbaled counterparts. The direction of incoming or outgoing electromagnetic energy is determined by the complex weights applied to each antenna element, each of which is typically identical. The amount of energy transmitted or received in a particular direction is determined by the summation of the active element patterns in that direction. The active element pattern is the resulting radiation pattern for each element when excited in the presence of the other array elements which are terminated in matched loads [1] . These patterns and consequently the array pattern are influenced by two factors that can significantly reduce the realized gain of the array pattern as it scans away from the direction broadside to the array. First, element pattern gain decreases with angle away from the beam peak for typical unidirectional elements. Second, mutual interaction between array elements may cause additional loss in scanned array gain as power radiated from one element is absorbed by adjacent elements.
In a conventional phased array, maximum element spacing is typically limited to approximately half the free space wavelength in order to avoid grating lobes for the widest possible scan range. Therefore, one obvious approach to reduce mutual coupling and element pattern roll-off is miniaturize the element using dielectric loading, conductor meandering, or other such technique that reduces the physical size of the radiating element. By reducing the physical size of the element, both the element directivity and interelement coupling can be reduced. The primary tradeoff here is a simultaneous reduction in element bandwidth.
Another useful method to realize wide scanning arrays uses wide angle impedance matching (WAIM) dielectric sheets [2] - [4] . The dielectric sheet thickness and distance from the radiating elements are chosen to provide an efficient impedance transformation from free space to array aperture that is stable over a wide angle of incidence. This method is highly versatile and easy to implement. The technique does not specifically address the issue of element pattern gain roll-off with angle. Element pattern gain roll-off can be mitigated by making the array aperture conformal [5] . In the extreme, the aperture can be made cylindrical or hemispherical such that there is on average the same amount of array pattern gain in any particular direction. The primary tradeoff here is a reduction in the peak array pattern gain since there are only a subset of the total number of elements with peak gain in a particular direction.
Conventional phased-array elements can also be augmented with parasitic elements, which are used to scan the element pattern [6] , [7] . By tilting the element pattern beam in the direction of the array pattern beam, element pattern gain roll-off can be effectively eliminated over a wide range of angles. Additional control circuitry required to control the parasitic elements must be integrated into the aperture and represents a fundamental tradeoff when comparing to other design approaches.
In this paper, we describe an alternative approach to beam steering using antenna elements each supporting a unique current mode and producing a unique radiation pattern. We refer to such an array as a multiple mode array. The null steering capabilities of a multiple mode array and potential enhancements to phased-array performance have been previously investigated [8] - [11] . The primary advantages in the multiple mode beam steering approach presented here are the reduction of unwanted mutual coupling and an increase in array scan range. This increase in array scan range is shown to be due both to the reduction in mutual coupling and to the increase in element pattern gain at wide scan angles for higher order dipole modes. Some preliminary results based on analytical and simulated data were presented in [12] and [13] . With these benefits comes some design tradeoffs including increased physical size and potentially an increase in the number of unique elements needed to synthesize a desired beam pattern. These tradeoffs are explored by comparing analytical and full wave simulation data for the following array types: conventional phased arrays, multiple mode arrays, and hybrid phased arrays composed of multiple mode subarrays. All simulation results were generated with Ansys HFSS and postprocessed in MATLAB. Measured data for two dipole arrays based on the multiple mode array concept are presented in order to validate the simulation results. All measurements were performed at San Diego State's Antenna and Microwave Laboratory and Cubic Defense Applications Antenna Measurement Laboratory in San Diego.
II. MULTIPLE MODE ARRAY
The three different array topologies explored in this paper are illustrated in Fig. 1 : conventional phased array, hybrid phased array, and multiple mode array. In this section, we describe the theory, method of analysis, and beam pattern synthesis properties of the multiple mode array. As shown in Fig. 1(c) , the multiple mode array is characterized by the use of multiple unique radiating modes in contrast to the conventional array, which uses elements supporting the same radiating mode. Additionally, the phase centers of the radiating elements in the multiple mode array may be collocated. This is in contrast to the conventional phased array that relies on the interelement spacing to produce an array factor that modulates the active element patterns.
A. Ideal Analysis
This paper explores the simplest case of a linear array capable of beam steering in a single scan plane. The reference case of a linear array of half wavelength dipoles is shown in Fig. 2(a) . Fig. 2(b) and (c) illustrates the proposed array and its equivalent array in terms of half wavelength dipoles, respectively. Notice that the equivalent set of N dipoles corresponding to N modes are themselves a linear array with a fixed progressive phase relationship of 180
• . The convention for this paper is to refer to those modes with even current distribution symmetry as "even modes" and those with odd current distribution symmetry as "odd modes." The even or odd symmetry of each mode is also reflected in the phase radiation pattern. The far-field radiation pattern of the multiple mode array can be described by
where ψ y0 = kd sin(θ), ψ z = kh cos(θ), M is the number of unique radiating modes, and A m are the unknown complex weights. The dipole element patterns F D (θ) are assumed to be of the same form as conventional center fed dipoles directed along the y-axis
Plots of the first four radiation pattern modes are shown in Fig. 3 . The parameter d represents the length and spacing of the equivalent dipoles representing a particular mode. Clearly, the physical length and spacing will be reduced in the presence of dielectric loading. As shown for mode 4 in Fig. 4 , the levels and locations of the radiation pattern lobes are dependent on this parameter. As the effective spacing d is reduced, the outer lobes decrease in relative power and move further away from broadside. In the most extreme case of miniaturization, the odd mode radiation patterns will degenerate to those of simple dipoles. Similarly, the even mode radiation patterns will degenerate to unidirectional patterns.
B. Synthesis
The far-field radiation pattern of the reference conventional linear dipole array can be approximately described by the following equations:
where ψ y = kd sin(θ) + β y , N is the number of array elements, k is the propagation constant, and d is the interelement spacing. We use a Fourier synthesis method similar to those described in [14] and [15] , in order to make a direct comparison between the beam steering capability of the multiple mode dipole array and the reference case. This technique allows us to generate the optimal set of complex coefficients needed to most accurately generate the reference radiation pattern. First, the reference radiation pattern is expressed in terms of its Fourier coefficients
Second, each of the multiple mode array element patterns is also expressed in terms of its respective Fourier coefficients
Inserting (II-B) into (1) yields a Fourier series expansion of the multiple mode array pattern
A m a mn cos(nθ)
A m a m0 . Equating (II-B) with (5) and reordering the summations yields an overdetermined matrix equation in terms of the unknown complex weights A
The optimal complex weights are recovered with singular value decomposition. Fig. 5 plots the scanned radiation patterns of a seven-element array reference radiation pattern and multiple mode arrays of varying numbers of modes. Although reasonable agreement is obtained within the main beam using seven unique modes, there is considerable error in the far out sidelobes. Significantly better agreement over most elevation angles is obtained between the reference case and the multiple mode array when eight unique modes are used. Fig. 6 presents the root-mean-square error (RMSE) of the multiple mode array synthesis of the seven-element conventional array radiation pattern as a function of the number of unique modes used and varying scan angles
Based on this analysis, we conclude that N+1 unique modes are needed to sufficiently approximate the N-element conventional reference array. One assumption made in the analysis of the multiple mode array is that the distance in z between antenna elements h < < λ. In principle, h = 0 if all modes are excited on the same aperture. In practice, it may be easier to excite these modes on individual radiators as shown previously in Fig. 2(b) . The spacing between dipoles in the z-axis introduces an undesired array factor that effects the synthesis capability of the multiple mode array (Fig. 7) . Three cases of dipole spacing shown in Fig. 4 illustrate the increasing synthesis error with increasing dipole spacing. Clearly, this spacing should be minimized in a practical design. 
III. HYBRID PHASED ARRAY
In general, a hybrid phased array may be composed of N multiple mode subarrays each containing M number of unique modes such that M × N = C, where C is an integer constant representing the total number of feed points. The three array topologies described in Fig. 1 are illustrated for linear dipole arrays each with a total of eight feed points in Fig. 8 . It is clear from Fig. 8 that the area occupied by the multiple mode array is the largest of the three topologies. As described in Section II, each dipole in the multiple mode array is equivalent to a fixed phased M element array of half wavelength dipoles. If we define the array area as the area of the rectangle containing the entire array, then the area is proportional to the number of modes. For large numbers of modes, the complexity of the feed network also increases as many feed points are in the middle of the aperture and more susceptible to unwanted coupling. Therefore, there is sufficient reason to choose the minimum number of modes needed to realize the improved performance of the multiple mode subarray.
A. Ideal Analysis and Synthesis
The analytical radiation pattern of the hybrid phased array is obtained by multiplying the multiple mode radiation pattern of (1) by the array factor of (4)
We have assumed a constant number of feed points, C = 16, and number of unique modes, M = 1, 2, 4, 8, 16. In order to maximize directivity over scan angle, the desired radiation pattern is a simple pulse function with a beamwidth of 1
• and sidelobe levels (SLL) of −100 dB. The boresight radiation patterns for the three arrays in Fig. 8 are plotted in Fig. 9 . The hybrid array radiation pattern contains several anomalous lobes at θ = ±27
• and θ = ±74
• . These are the result of the gaps between the subarrays d m . Fig. 10 illustrates the dependency of these lobe levels on the spacing between subarrays d m . This spacing should be minimized in a practical design to the extent that the highest order mode dipoles do not overlap or suffer degraded performance due to excessive mutual coupling.
Array pattern directivity is a relevant figure of merit with which to compare the different array topologies. Fig. 11 plots the directivity of each array as computed from the threedimensional (3-D) analytical radiation patterns. The widest scanning array is the multiple mode array. The 4 × 4 hybrid phased array appears to have a slightly better directivity and scan range than the conventional array. However, the analysis up to this point has assumed no mutual coupling effects. In Section III-B, we will perform full wave analysis of the 1 × 16, 4 × 4, and 16 × 1 arrays in Ansys HFSS. We will show that the 4 × 4 hybrid phased array represents a reasonable tradeoff between the performance and implementation issues associated with the conventional and multiple mode arrays, respectively. 
B. Full Wave Analysis
Full wave simulations of the three dipole arrays shown in Fig. 12 were performed in Ansys HFSS with design parameters listed in Table I . Since the basic radiating elements are simple dipoles, cross-polarization within the scan plane containing the dipoles is expected to be very low. For the sake of brevity, we do not consider the polarization behavior out of the scan plane. The dipole lengths both for the hybrid and multiple mode arrays were optimized to yield both sufficient impedance match to 50 Ω (|S 11 | < −10 dB) and proper radiation pattern mode, which is why L is listed as N/A for these arrays in Table I . The dipole width used for all arrays is 0.06λ and the reflector widths used are 0.225λ, 0.225λ, and 0.06λ for the conventional, hybrid, and multiple mode arrays, respectively. The simulated complex radiation patterns for each array were used to synthesize a desired beam pattern with three parameters, scan angle (θ scan ), beamwidth (BW = 1 • ), and sidelobe level (SLL = −100 dB). Three scanned radiation patterns for each array type are presented in Fig. 13 . All three arrays display similar behavior near the main lobe. The hybrid array shows the same anomalous lobes discussed in the previous analysis section and may suppressed by optimizing the subarray spacing. In our previous ideal array analysis which ignored mutual coupling, only the multiple mode array was shown to have significantly greater scanned directivity compared to the conventional array. Fig. 14 plots the peak scanned realized gain and total antenna efficiency over scan angle. This comparison makes the advantage of the hybrid phased array apparent. Similar to the multiple mode array, the hybrid phased array maintains nearly constant realized gain and total efficiency over a wide range of scan angles.
IV. FOUR-ELEMENT MULTIPLE MODE SUBARRAY
A four-element multiple mode subarray was designed to operate at 4.6 GHz in order to validate the previous analysis and simulation results presented in Section II. This same subarray was later integrated into a 16-element hybrid phased array and will be discussed in Section V.
A. Element Feed Network
The most obvious issue with implementing the multiple mode array is finding a suitable feed network. Since elements are distributed along the z-axis, perpendicular to dipoles, the feed lines must cross over elements in order to feed the desired element. Therefore, we decided on an interlocking feed network solution as illustrated in Fig. 15(a) . In this arrangement, most of the feed network is contained in a substrate perpendicular to the dipole substrate. The feed lines transition from microstrip to differential broadside-coupled stripline near the SMA connectors as shown in Fig. 15(b) . We expect little unwanted coupling between the feed lines and other dipoles due to the differential nature of the feed lines and their orientation with respect to the dipoles. Even mode dipoles are connected directly to their corresponding sets of broadside-coupled striplines in the center of each dipole. Odd mode dipoles must be driven offset from the dipole center in order to present a reasonable output impedance to the feed network. Therefore, we designed a coplanar stripline power combiner at the outputs of the odd mode dipoles as shown in Fig. 15(c) . The lack of significant isolation between both the antenna outputs and the combiner inputs is not an issue since the inputs are driven 180
• out of phase. Additionally, using a symmetric feed arrangement for the odd mode dipoles provides greater rejection of even mode coupling from the adjacent elements.
B. Fabrication and Measurement
The four-element multiple mode dipole array shown in Fig. 16 was fabricated with the design parameters shown in Table II . Reasonable agreement was obtained between the simulated and measured scattering parameters presented in Fig. 17 . The measured reflection coefficient for mode 2 shows the highest level of disagreement with the simulated data. We suspect that issues with the fabrication tolerances of the balun (i.e., the gap w g ) may have contributed to this disagreement. Because of this frequency shift in the mode 2 reflection coefficient, we obtain a measured operational bandwidth of 6.4% as compared to the simulated 7.8%. The 3-D realized gain patterns were measured for each of the four dipole elements. Fig. 18 shows reasonable agreement between the measured and simulated two-dimensional (2-D) cuts in the plane of the dipole array [G θ (φ = 90
• )]. In order to achieve the widest instantaneous bandwidth possible, it is important to implement phase and group delay matched RF paths from the antenna element apertures to the final combined output. When delay matching is not maintained, the phase relationships between elements may vary rapidly over frequency, distort the beam and therefore limit the useful bandwidth of the array. In a conventional receiving phased array, emphasis is typically placed on matching the phase and delay responses from the antenna output to the combined output. This is because the radiating elements are nearly identical in their phase and delay versus angle responses. This is certainly not true for a phased array employing multiple unique radiating modes. The differences in phase and delay versus angle responses between the unique radiating modes are critical to the novel approach to beam steering presented in this paper. Group delay was computed for each element and averaged over the 3-dB beamwidths of each lobe of the radiation pattern and plotted in Fig. 19(a) . The variation in group delay is approximately 0.3 ns over the frequency range from 4.2 to 4.6 GHz. In general, all four modes show roughly the same amount of delay. This is to be expected since the transmission line lengths in the interlocking feed network were designed to compensate for the different physical locations of each dipole in the subarray. Phase distortion was computed using a linear regression fit of the unwrapped phase for each mode as shown in Fig. 19(b) . 
The total variation in phase is approximately 12
• across all four modes over the frequency range from 4.2 to 4.8 GHz.
Reasonable beam pattern quality for a 16-element array can be expected for phase deviations less than ±10
• .
V. 16-ELEMENT HYBRID PHASED ARRAY
In Section IV, we presented measured data on the fourelement multiple mode array in order to validate the passive impedance and radiation properties of the novel array as simulated in HFSS. In this section, we use the same four-element design as a subarray in the 16-element hybrid phased array. The measured data presented here are intended to validate the prior analysis of the multiple mode and hybrid arrays, the Fourier synthesis method used, and the array design as simulated in HFSS.
A functional block diagram of the novel 16-element array and the test setup used to characterize the array is shown in Fig. 20 . The hybrid phased array includes programmable phase and amplitude shifting components that are controlled from a remote computer. A microcontroller (MCU) is used to translate messages from the laptop's universal serial bus (USB) interface to the universal asynchronous receiver/transmitter (UART) interface. Messages from the UART interface are routed to the correct device on the correct board using the serial bus. Each of the passive four-element dipole arrays is connected to an active feed board. Each active feed board has a unique hardware defined address and contains four low noise amplifiers (LNAs), four digital step phase shifters (DPS), four digital step attenuators (DAT), and other supporting circuitry. The combined RF output of each active feed board is connected to a final Wilkinson power combiner where it can be routed to the VNA receiver for measurement.
A. Passive Array Characterization
Each of the four multiple mode subarrays were fabricated and mounted in a custom test FR4 fixture. Reflection coefficient measurements were made in order to verify that the subarray impedance parameters were nominal. Fig. 21 compares the measured reflection coefficients for each mode. The labeling convention used is S m:n,p:q , where the subscripts m and p represent the subarray number and n and q are the mode number. Effects of the adjacent subarrays are evident in the symmetric pairs of reflection coefficients for each mode. For example, the two inner subarrays show improved matching levels for mode 1 as compared to the two outer subarrays.
The mutual coupling parameters for the dipole elements on the same subarray were presented in Fig. 17 . A representative sample of coupling between elements on adjacent subarrays 2 and 3 is presented in Fig. 22 . As expected, the highest level of coupling is between the mode 4 dipoles due to their closest proximity to one another. The measured coupling level for many modes is significantly lower than the simulated value. In contrast to the fabricated array, the simulated array model assumed a continuous substrate between subarrays. The air gaps between subarrays in the prototype may lower the contribution of surface waves to the coupling level. Additionally, the scattering parameters were measured outside of the chamber. It is possible that scattering from nearby objects presented an additional coupling path that influenced the measurements particular where the isolation is already more than 30 dB.
B. Active Feed Network
As described in the introduction to this section, each of the four multiple mode subarrays is connected to an active feed board used to make amplitude and phase adjustments of the RF signal before being combined. A fully assembled active feed board is shown in Fig. 23 . These boards were designed by the author in Altium Designer, fabricated by advanced circuits and assembled by hand. Each board connects to each multiple mode subarray via four end launch SMA inputs each of which is routed to a mode adjustment block on the board. The mode adjustment block is composed of an LNA with a gain of approximately 15 dB, a 360
• DPS in 5.6
• steps, and There is a single 20-pin connector used on each board to provide master 9 V power and control of the RF devices on the serial bus. All 32 programmable RF devices are individually addressable using five control lines on the serial bus. A custom graphical user interface (GUI) as shown in Fig. 24 was developed using the C# programming language to provide a convenient way to communicate the desired complex weighting coefficients to the active feed boards.
C. Array Calibration
The active feed boards and supporting circuitry were integrated into the test setup as shown mounted in Cubic's anechoic chamber in Fig. 25 . Additional absorber (not shown) was placed over the active feed boards on the lower sides of the array to reduce the effects of unwanted scattering of the array backlobe. The calibration process consists of the following four steps: 1) measure each of 16 active element radiation patterns; 2) compute the required complex weighting coefficients needed to synthesize a desired beam pattern; 3) apply the computed complex weights and characterize the resulting array patterns; and 4) recover the array pattern gain by de-embedding the active feed network gain and and associated mismatch losses. Steps (1) and (4) are basic antenna measurements and considered familiar to the reader. Steps (3) and (5) will be explained in detail.
1) Generate Complex Weights: Each active element pattern was measured by setting the element under test amplitude shift to 0 dB and phase shift to 0
• . All other elements were set to the maximum attenuation of 31.5 dB and a 0
• phase shift. We relied on the previously described Fourier synthesis method to generate the required complex weighting coefficients from the measured active element patterns. The computed calibration coefficients for two different scan angles are plotted in Fig. 26 along with the coefficients as measured on the active feed board. Most of the differences between the computed complex weights and those measured on the board occur where the attenuation is high. The isolation between the four channels on each board is not infinite, and we can expect some deviation in phase as a result of leakage signals. In general, deviations in amplitude and phase may occur for the following reasons. The DPS is intended to apply a known shift in the phase of the incident signal. However, it is a nonideal component and may also change the amplitude of the incident signal by as much as 1 dB depending on the impedance matching conditions. Similarly, the DAT may apply an unwanted phase shift to signal from one attenuation setting to another.
As in the analysis Section III, the desired beam pattern is essentially an impulse function over angle. When the desired pattern is located at θ scan = 0
• , the odd mode elements are heavily attenuated such that the array pattern is formed primarily from the received power from the even mode elements. This is not surprising since the array pattern at θ scan = 0
• is also an even mode pattern. At the other extreme, where the array pattern is scanned to θ scan = 70
• , all but the highest order odd mode elements are heavily attenuated. This is also reasonable since the array pattern has a large odd component at such a large scan angle.
2) Array Pattern Gain: The purpose of this paper is to prove out the concept of using multiple unique radiating modes to form array pattern beams. Use of an active feed network was necessary to collect measured data demonstrating realtime beam steering in the RF domain. However, we would really like to disentangle the effects of the feed network from • ) to the active feed network channel gains S n 21 . The active feed network channel scattering parameters were measured in a system with 50-Ω source and load impedances. In the fully assembled array, the inputs to the active feed network are loaded by the dipole impedances. Therefore, the actual array pattern gain will depend on the output reflection coefficient of the dipole Γ d , and the input reflection coefficient of the active feed network S n 11 . The dipole and feed network are also connected by a male to male SMA adapter. We treat this adapter as a perfectly matched 50-Ω transmission line with a phase shift of exp(−jβ). Fig. 27 illustrates the signal flow graph for a simplified model of a 
D. Scanned Array Performance
In this section, we investigate and quantify the scanned performance of the fabricated 16-element hybrid phased array. Fig. 28 compares the desired, computed, and measured normalized radiation patterns as viewed in the scan plane of the array (φ = 90
• ). The computed radiation patterns have been derived in two ways: 1) computed based on simulated element radiation patterns and (3) computed based on measured element radiation patterns. Within the main beamwidth, good agreement is obtained between the computed and measured radiation patterns, and all three patterns point in nearly the same direction as the baseline impulse pattern. The highest level of agreement occurs between the two computed patterns. This is not surprising since for a 16-element array, the variations in element pattern are typically relatively slower than that of the array pattern. Therefore, even though the simulated and measured element patterns may differ, the differences are masked by the faster variations of the array factor. There is however considerable difference in sidelobe performance between the computed array pattern based on measured element data with respect to the other two array patterns. This disagreement can be attributed to the error in the actual amplitude and phase weights on the active feed boards as described in Section V-C. Measured 3-D radiation patterns are plotted in Fig. 29 for four scan angles As explained in the analysis Section III, the radiation pattern for the hybrid phased array may exhibit anomalous lobes that are actually grating lobes due to the spacing between subarrays. In the 3-D plots, these lobes can be clearly seen wrapping around the axes of the dipole elements. More closely packed subarrays would alleviate this problem.
In Section III, analytical and simulated data demonstrated that the hybrid phased array is capable of wide angle scanning with high efficiency. This is primary benefit to this novel approach to beam steering. Using the array pattern gain recovery method described in Section V-C2, the array pattern gain G θ (φ = 90
• ) is plotted versus scan angle θ scan in Fig. 30 . There is considerable agreement between the measured and simulated array pattern gain. The measured total antenna efficiency η shows up to approximately 1.5 dB disagreement compared to the simulated data. Also, the measured η is greater than 0 dB for some scan angles. The error in the realized gain measurements is estimated to be approximately ±0.5 dB as per the NSI performance specification for Cubic's spherical near field antenna measurement system. Also, the measured directivity D θ (φ = 90
• ) is higher than the simulated data by a consistent amount of approximately 1 dB. This is likely due to the fact that microwave absorber was used on the test fixture to reduce scattering of the backlobe. By absorbing the backlobe, the measured directivity is artificially high. Therefore, both the measurement error and artificially high directivity are the likely sources of error in the measured total antenna efficiency. Table III summarizes the scan range performance of the array over the frequency range from 4.0 to 5.0 GHz. As expected, the widest scan range occurs near the calibration frequency of 4.6 GHz for both the simulated and measured arrays. On either side of design frequency, the 3-dB scan range narrows significantly as the phase relationships between elements deviate further from their calibrated values. This phase deviation worsens with increasing scan angle and will be described later.
Realized gain, directivity and total antenna efficiency are plotted over frequency for the θ scan = 0
• case in Fig. 31 . The measured gain and efficiency appear to vary around the simulated value by approximately ±1 dB. In addition to the ±0.5 dB measurement error, these computed quantities are influenced by the assumptions made about the feed network and how it interacts with the dipole. For example, each channel was treated separately and did not include any coupling from all the other channels. Additionally, only the reflection coefficients at the antenna outputs and feed network inputs were considered. Given the number of devices in the RF chain, each with some level of impedance mismatch, there are multiple reflections that were not explicitly considered. The approximate nature of these assumptions is at least in part responsible for the fluctuations in the measured data. Table IV summarizes the half power instantaneous bandwidth for the 16-element array at each scan angle. The fluctuations in the computed realized gain over frequency as seen in Fig. 31 are responsible for the disagreement between simulated and measured 3-dB bandwidth at some scan angles. These fluctuations are due to the error in the gain computation and approximate nature of assumptions about the feed network and its interaction with the dipole array. As discussed in Section II, the multiple mode array is essentially a linear phased array of fixed phased linear subarrays. Therefore, we can expect some of the same limits on instantaneous bandwidth that apply to conventional linear arrays. Equation (12) is an approximate measure of instantaneous 3-dB bandwidth that depends on the center frequency f 0 , scan angle θ scan , and number of array elements N [16] . This equation applies only to arrays employing phase shifting elements rather than true time delay (TTD) elements, which can produce inherently wideband scanned array behavior. For a conventional 16-element array operating near 4.6 GHz, that bandwidth varies from several GHz near broadside to approximately 300 MHz at θ scan = 70
• . The hybrid phased array instantaneous bandwidth over scan angle is consistent with this analysis
Phased arrays can be categorized in terms of the level of mutual coupling between radiating elements. Many phased arrays belong to the weakly coupled category, in that the mutual coupling between elements is minimized for maximum array efficiency. The use of multiple unique radiating modes is one approach to minimize this coupling by virtue of the potential near orthogonality between some or all of the modes. However, another useful category of phased arrays exploits the nearly constant low-frequency radiation resistance that can be realized between tightly coupled (or connected) radiating elements [17] approximating Wheeler's current sheet [18] . The weakly coupled array bandwidth is bounded by the lowfrequency active element response and the highest frequency at which the interelement spacing approaches λ/2, depending on the desired scan range. In contrast, an infinite tightly coupled array in free space can theoretically achieve infinite bandwidth [19] . In practice, the finite size of the array and electrical distance between the array and the ground plane limits the low-frequency response [20] . While increasing electrical distance between elements with frequency determines the highfrequency limit, the element density is potentially much higher than in the weakly coupled configuration. In both array types, stability of the impedance over scan angle is an issue of concern. As described in Section I, WAIM sheets can be used to mitigate this problem [2] - [4] . Extension of many weakly and tightly coupled elements to planar array geometries is fairly straightforward especially when common radiating elements are used. We are currently investigating the extension of our approach to 2-D scanning arrays.
Our discussion in this paper has been limited in scope to a weakly coupled phased array composed of multiple unique radiating modes. We have shown that the array bandwidth for a multiple mode dipole array approaches that of a conventional weakly coupled linear dipole array. The primary advantage of our approach is the increase in scan range due to the reduced mutual coupling between the multiple modes and the increase gain of higher order modes at wide scan angles. Ultimately, the decision to use our approach over another is determined by the requirements of the application at hand. For applications where large scan angles are needed from a small array with narrow to moderate bandwidth, a multiple mode approach is worth consideration.
VI. CONCLUSION AND FUTURE STUDY
We have presented a novel approach to beam steering using an array composed of multiple unique radiating modes. This concept was described first by analysis of a purely multiple mode array. A hybrid phased array was shown to present an efficient tradeoff between the scan performance improvement and the design complexity associated with implementing a multiple radiating mode aperture. The results of the analysis sections were validated in the fabrication and measurement of a fourelement multiple mode linear dipole array. This multiple mode array was used as a subarray in the 16-element hybrid phased array, which was also fabricated and tested. The significant improvement in scan range and scanned gain proposed in the analysis sections was verified in the radiation pattern measurements of the array. Near the design frequency of 4.6 GHz, the boresight array pattern was shown to have a peak gain of 12.8 dBi, an instantaneous bandwidth of greater than 1 GHz and a 3-dB scan range of ±68
• . As with most phased-array architectures, the use of multiple radiating modes does have limitations that limit its range of application. As part of our ongoing research, we are continuing to understand the capabilities and limitations of our approach and to expand the concept to 2-D scanning arrays.
